Methylated DNA plays an important role in epigenetic gene regulation, and could therefore serve as a potentially promising biomarker for the diagnosis of cancer and other diseases. Therefore, the development of a simple method for analyzing cytosine methylation in a target gene is required. Here, we report on a new method for the sequence-selective chemical modification of a single cytosine in single-stranded DNA (ssDNA). This method is based on the formation of a DNA three-way junction of the ssDNA and two ssDNA probes, and was successfully applied for a simple polymerase chain reaction (PCR)-based assay for 'pinpoint' methylation analysis.
Introduction
DNA methylation is an epigenetic mechanism for transcriptional regulation. 1 This process controls cellular differentiation, and is often found to be defective in the case of many diseases, including cancer. 2 In mammals, methylation typically occurs at the C5 position of cytosine (C) in CpG dinucleotides, and yields 5-methylcytosine (M). 3 Bisulfite sequencing is the current gold-standard method for analyzing the CpG methylation ratio. 4, 5 However, this method requires severe reaction conditions, such as a lengthy incubation time (longer than 5 h), elevated temperature (above 50 C), and a high bisulfite concentration (higher than 3 M), which lead to the degradation of approximately 95% of the genomic DNA. 6, 7 Additionally, this method is labor intensive because it is necessary to clone the sequences of bisulfite-treated DNA and to sequence numerous clones. Therefore, a simple method for methylation detection that eliminates the need for cloning and sequencing, and that targets only 'methylatable' cytosine (e.g. cytosine of CpG) is required. Such a method may be developed using a combination of C/M-selective chemical or enzymatic reactions, whose products are easily discriminable, and a technique for guiding the reaction reagents to the methylatable cytosine. 8 In this study, in order to ensure a C/M-selective reaction, we employed the addition of bisulfite and aminooxy reagents to the C residue (Fig. 1) . Nakatani et al. previously reported that bisulfite and hydroxylamine, bearing a highly nucleophilic aminooxy group, simultaneously added to C in ssDNA under mild conditions (Fig. 1 , R = H), whereas M was resistant to the addition, and remained unchanged. 9 The adduct of a cytosine residue with a bisulfite and a methoxyamine (C*, Fig. 1 , R = CH3) contained in ssDNA has been reported to inhibit polymerase-catalysed extension of primer DNA annealed to ssDNA. 10 These reports suggest that if the C in the target DNA can be modified by bisulfite and aminooxy reagents to yield a C*, C/M discrimination would be accomplished by monitoring the inhibition of the polymerase-catalyzed extension of the primer annealed to the target DNA, containing the C*. Previously, ssDNA probes complementary to target ssDNAs and bearing reactive species at the 3′-or 5′-end have been utilized to guide the reactive species to the nucleotides of interest in the targets. 11, 12 Sequence-selective cleavage and modification of the targets have also been demonstrated. The preparation of these ssDNA probes often requires custom synthesis of phosphoramidite derivatives of the nucleotide bearing reactive species, or a post-synthetic modification of the probe termini to tether the reactive species. To selectively guide bisulfite and aminooxy reagents to the methylatable cytosine using only DNA probes prepared by a standard synthetic method, we employed two DNA probes that were partially complementary to each other and to the target DNA, thus folding into a fully matched three-way-junction (TWJ) structure ( Fig. 2A) . It was recently reported that a fully matched TWJ has a nanoscale cavity at the branching point. 13 We had also previously confirmed that nucleotide bases at the branching point of the fully matched TWJ were hyper-reactive against reagents, e.g. osmium tetroxide, but those in the three stems were fairly protected from such reagents by base-pair stacking. 14 In this report, we demonstrated a single C-modification by bisulfite and aminooxy reagents in the target DNA by placing it at the branching point of the TWJ using two DNA probes (Fig. 2B) . The resultant C* was detected by monitoring the inhibition of the thermostable Taq DNA polymerase-catalyzed primer extension. We have also demonstrated a PCR-based assay for single C/M discrimination, performed using our newly developed method for sequence-selective C-modification.
Experimental

Reagents and chemicals
Sodium bisulfite (NaHSO3) was purchased from Wako. Methoxyamine (H2NOCH3) hydrochloride and O-carboxymethylhydroxylamine (H2NOCH2COOH) hemihydrochloride were from Aldrich and TCI, respectively. Ex Taq (Taq DNA polymerase) was from Takara. The ssDNAs were synthesized using standard phosphoramidite chemistry and purified by high-performance liquid chromatography, except for the primers, which were purified by solid-phase extraction using reversed-phase resin. The sequences of target DNAs, probes, and primers used in this study are listed in Table S1 (Supporting Information).
The sodium bisulfite solution, adjusted to pH 5.0 and 4 M, was prepared from an aqueous solution of sodium bisulfite and NaOH. Diethylamine was added to the aqueous solution of aminooxy reagent (methoxyamine hydrochloride or O-carboxymethylhydroxylamine hemihydrochloride) for adjustment to a pH 5.0 and 3 M.
Modification by sodium bisulfite and aminooxy reagents
A 20-mer target DNA (DNA1) or a 56-mer target DNA (DNA2 or DNA2′) with or without appropriate DNA probes was denatured in 1× HEPES buffer (50 mM HEPES-NaOH, 125 mM NaCl, pH 6.0) at 95 C for 5 min, and then cooled on ice. To the DNA solutions, 8× HEPES buffer, bisulfite solution (pH 5.0, 4 M) and/or aminooxy reagent solution (pH 5.0, 3 M) were added, and the final concentrations were adjusted to 1.0 μM DNA1 (50 and 200 nM for the 56-mer target and each probe, respectively), 1.0 M bisulfite, and/or 1.0 M aminooxy reagent in 1× HEPES buffer. After the mixture was incubated at 25 C for several hours, DNA was recovered by ethanol precipitation, dried, and dissolved in sterilized water.
Primer extension
When 20 pmol of DNA1 was used for the modification, the recovered DNA1 was mixed with 10 pmol of 5′-Cy5-labeled 14-mer primer, 2 U of Ex Taq, and 15 nmol of each dNTP in 30 μL of 1× Ex Taq buffer. For primer extension, the solution was incubated for 5 min at 94 C, 5 min at 4 C, and 1 h at 52 C. The extension reaction was stopped by adding 5 μL of 0.5 M EDTA-NaOH (pH 8.0). The DNA samples were then ethanolprecipitated, dissolved in the loading buffer (24 μL of formamide and 6 μL of 1× TBE buffer), heated at 95 C for 5 min, and then cooled on ice.
When 0.5 pmol of the 56-mer target DNA with or without 2.0 pmol of individual DNA probes was used, the recovered DNA was mixed with 2.5 pmol of 5′-FAM-labeled 18-mer primer, 2 U of Ex Taq, and 10 nmol of each dNTP in 50 μL of 1× Ex Taq buffer. After 1 min of denaturation at 94 C, primer extension was carried out in a thermal cycler under the following conditions: 40 cycles of denaturation at 94 C for 30 s and extension at 52 C for 30 s. After deactivation of Ex Taq by addition of 5 μL of 0.5 M EDTA-NaOH (pH 8.0), DNA samples were treated as described above. All DNA samples dissolved in the loading buffer were run on 19% polyacrylamide gels (19:1 monomer/bis ratio) containing 7 M urea. 1× TBE buffer was used as the electrophoresis buffer. A 5′-Cy5-labeled DNA complementary to the 20-mer DNA1 and 5′-FAM-labeled DNAs complementary to the 56-mer target DNA2, 2′ were used to prepare Maxam-Gilbert A+G ladder markers. The gels were scanned using a Typhoon 9410 (GE Healthcare) system. The fluorescent images were analyzed using software (ImageQuant tool) provided with the Typhoon 9410 system.
PCR assay
The modification of a 56-mer target DNA1 (15 fmol) in the absence or presence of two probes (600 fmol each) to form fully matched TWJ was carried out for 3 h, as described above, by using O-carboxymethylhydroxylamine hydrochloride as the aminooxy reagent. After ethanol precipitation and dissolution in sterilized water, one-thirtieth of the recovered DNA was used as a template for polymerase chain reaction (PCR) amplification. The PCR mixtures contained 2 U of Ex Taq, 10 nmol of each dNTP, and 12.5 pmol of each primer in 50 μL of 1× Ex Taq buffer. After denaturation at 94 C for 1 min, PCR amplification was carried out under the following thermal cycler conditions: 21 cycles of denaturation at 94 C for 30 s, annealing at 54 C for 30 s, and extension at 72 C for 30 s. The PCR products were separated by standard 3% agarose gel electrophoresis using a 0.5× TBE buffer as the electrophoresis buffer with the visualization of DNA by ethidium bromide fluorescence. The fluorescent images were analyzed as described above.
Results and Discussion
In this study, we wanted to determine whether C* inhibits the primer extension catalyzed by Taq DNA polymerase, and if this inhibition could serve as an index for C/M discrimination. To confirm this, we prepared a 20-mer target DNA1, containing either a C or M, and incubated it with 1.0 M sodium bisulfite (pH 5.0) and 1.0 M methoxyamine (pH 5.0) for 5 h at 25 C.
After recovery of the DNA1 by ethanol precipitation, a 5′-Cy5-labeled 14mer DNA primer was annealed to the 3′-region of the DNA1, and was extended by Taq DNA polymerase for 1 h at 52 C (Fig. 3) .
The products were analyzed by polyacrylamide gel electrophoresis under a denaturing condition. As shown in Fig. 3B , an extension of the 14mer primer annealed to the incubated DNA1 (X = C, lane 4) largely stopped near the G18 band of the Maxam-Gilbert A+G marker, opposite X, whereas those annealed to the incubated DNA1 (X = M, lane 5) and non-incubated DNA1 (lanes 2 and 3) extended fully. This observed blockage of primer extension did not occur when only sodium bisulfite or methoxyamine was used (Fig. S1, lanes 3  and 4, Supporting Information) . These results suggest that a C in the DNA1, and not M, was modified by sodium bisulfite and methoxyamine, and that the resultant C* residue caused blockage of Taq DNA polymerase-catalyzed primer extension.
We then designed a 56-mer target DNA2 that has an XpG dinucleotide (X = C or M) and eleven Cs in its sequence. Two DNA probes (FM-TWJ probes 1 and 2) that are partially complementary to each other and fold into a fully matched TWJ with the target DNA2 so that the XpG is placed at the branching point of the TWJ were also designed (Fig. 4A) . The sequence of a stem of the TWJ formed by FM-TWJ probes 1 and 2 was designed such that the stem becomes GC rich to stabilize the TWJ. Moreover, an A-T base pair was placed at the branch point so as to avoid any modification of the probes. The DNA2 (0.5 pmol) target was incubated in the absence or presence of FM-TWJ probes 1 and 2 with 1.0 M sodium bisulfite (pH 5.0) and 1.0 M methoxyamine (pH 5.0) for 5 h at 25 C (Fig. 2B) . After DNA2 was recovered by ethanol precipitation, an excess amount of 5′-FAM-labeled 18-mer primer complementary to the 3′-region of DNA2 was added, annealed to the DNA2 and extended by Taq DNA polymerase under thermal cycling conditions to suppress any interference with primer annealing by residual DNA probes. The products were analyzed by polyacrylamide gel electrophoresis under the denaturing condition (Fig. 5) . When the DNA2 (X = C or M) was incubated in the absence of FM-TWJ probes, the extended products were negligible (lanes 3 and 4), likely due to a failure of the primer annealing and blockage of the primer extension caused by C*s contained in the DNA2. When the DNA2 (X = C) incubated in the presence of FM-TWJ probes was used as a template, two adjacent bands caused by the blockage of primer extension were observed near the G29 band of the marker, opposite the X that was placed at the branching point of the TWJ (lane 5). Two observed adjacent bands indicate that the extension was blocked at one nucleotide before and opposite the C* under the thermal cycling conditions. In addition, a substantial amount of the fully extended product was observed in lane 5, indicating that the inhibitory activity of methoxyamine-modified C (C*, Fig. 1 , R = CH3) on the primer extension under the thermal cycling conditions was not sufficiently high to efficiently block the extension. The primer annealed to the DNA2 (X = M) incubated in the presence of FM-TWJ probes extended fully (lane 6), similar to the primer annealed to non-incubated DNA2 (lanes 1  and 2) . The results indicate that the two FM-TWJ probes that formed the TWJ with 56-mer DNA2 successfully guided the addition of bisulfite and methoxyamine to the C placed at the branching point, and suppressed any addition to other Cs in DNA2 by placing them in the stems of the TWJ. Thus, one of the 12 Cs in the 56-mer target DNA was chemically modified in a sequence-selective and C/M-selective manner by using FM-TWJ probes; this modification could be monitored with primer-extension analysis.
Probes used for forming a single-base bulge and mismatch with ssDNA have been applied for sequence-selective cleavage and the modification of ssDNA. 15, 16 A 56-mer target DNA2′ that has a CXpG trinucleotide containing two consecutive cytosine residues was subsequently designed to compare the single-base discrimination ability of the probes forming the fully matched TWJ (FM-TWJ probes 1′ and 2) with that of various probes that hybridize to the target DNA2′ and form secondary structures, including bulge, mismatch, and mismatched TWJs (Figs. 4B -4E ). All probes were tested in the same manner as described above, except that instead of methoxyamine, O-carboxymethylhydroxylamine (CMH) was used for an improved blockage of the primer extension (Fig. S2, lanes 7 and 8, Supporting Information). As shown in Fig. 6B , a probe forming a single-base bulge with DNA2′ caused significant blockage of the extension near the G30 band of the marker, probably opposite a non-methylatable C of CXpG (X = C or M; lanes 5 and 6), while a probe forming a single-base mismatch exhibited only a slight blockage opposite the CXpG (X = C or M; lanes 7 and 8). The former exhibited poor single-base discrimination ability, while the latter lacked ability for sequence-selective modification. The reason why the bulge probe exhibited low C/M selectivity on the blockage opposite the X may be that the bulged X competed against the neighboring C in base-pairing with the opposing G (Fig. 4C) , which resulted in protection from modification, and reduced the C/M-discrimination ability. Two probes forming the TWJ with a mismatch at the branching point (mismatched TWJ probes 1 and 2) were also tested (Fig. 6C) . However, increased blockage of the extension opposite the CMpG was observed when hybridized to DNA2′ (X = M, lane 4), indicating that these probes exhibited decreased single-base discrimination ability. As a result, of all the probes tested, only FM-TWJ probes 1′ and 2 exhibited efficient single-base discrimination ability when hybridized to DNA2′.
To further prove the applicability of the FM-TWJ probes as a tool for simple methylation analysis, we performed a PCR-based assay using 56-mer DNA2 and the FM-TWJ probes 1 and 2. After incubation of DNA2 with sodium bisulfite and CMH in the presence or absence of the FM-TWJ probes for 3 h, less than 0.5 fmol of recovered DNA2 was used as the PCR amplification template. The PCR products were analyzed by standard agarose gel electrophoresis (Fig. 7) . When the DNA2 (X = C or M) was incubated in the absence of FM-TWJ probes, PCR products were not observed (lanes 3 and 4), likely due to modification of all Cs in the DNA2. When the DNA2 (X = M) incubated in the presence of FM-TWJ probes was used as a PCR template (lane 6), we detected a 4.5-fold larger amount of PCR product as compared to when DNA2 (X = C) was used as a template (lane 5). As a result, single C/M discrimination in the 56mer target DNA was accomplished using the simple PCR assay.
Conclusions
We have chemically modified a single C in a 56-mer target DNA using two DNA probes to form TWJ and successfully discriminated a single C/M by monitoring PCR products. This method is simple and sequencing-and cloning-free and thus offers a new tool for epigenetic research and for the diagnosis of cancer and other diseases.
